Single-phase concentrated solid solution alloys (SP-CSAs) are newly emerging advanced structural materials, which are defined as multiprincipal element solid solutions. SP-CSAs with more than four components in equimolar or near-equimolar ratios are also referred to as high-entropy alloys due to their high configurational entropy. SP-CSAs are potential structural materials in advanced nuclear energy systems due to their attractive mechanical properties. Therefore many investigations have been carried out to study the irradiation-induced structural damage and defect behavior in SP-CSAs. This paper reviews recent experimental results on the irradiation responses of various SP-CSAs, focusing on the accumulation of irradiation-induced structural damage, void swelling resistance, and solute segregation behavior. In addition, the characteristic defect behavior in SP-CSAs derived from ab initio and molecular dynamics simulations, as well as the challenges in the applications of SP-CSAs for the nuclear energy systems are briefly discussed.
I. INTRODUCTION
Nuclear power accounts for more than 11% of world electricity production and is a clean energy source with near-zero carbon emission. 1, 2 On the other hand, the long-term reliability and safety of nuclear power systems depend on the integrity of its structural materials. 3 For future advanced fission and fusion reactors, the core structure materials are generally exposed to the aggressive environments, including high temperatures, large time-varying stresses, chemically reactive environments, and intense neutron irradiation. 4 All of these attributes place demanding requirements on the structural materials used in advanced reactors. Energetic neutrons produced from nuclear fission or fusion damage the material by inducing significant atomic displacements and creating point defects or defect clusters. In some cases, atoms will be displaced from their initial lattice positions up to 200 times, producing a very high concentration of vacancies and self-interstitial atoms. The evolution of irradiation-induced displacement damage can result in the complex and deleterious microstructural and microchemical evolutions, including the accumulation of extended vacancy and interstitial-type defect clusters, void swelling, solute segregation at defects or grain boundaries, as well as precipitation. These effects can seriously degrade the material performances and reduce its useful lifetime. Since the core structural materials must maintain both mechanical performance, such as strength, ductility, fracture toughness, and dimensional stability (against creep and void swelling) under high irradiation flux and high temperature environment, 5 it is crucial to develop new irradiation-tolerant structural materials for advanced reactors.
Several guidelines have been proposed for designing advanced irradiation resistant materials. 6, 7 The potential candidates include the newly emerging high-entropy alloys (HEAs) and single-phase concentrated solid solution alloys (SP-CSAs). Different from conventional alloys composed of one principal element, SP-CSAs are composed of multiple principal elements. Many HEAs and SP-CSAs with excellent mechanical properties have a) been identified. For example, FeCoCrMnNi and CoCrNi exhibit exceptional damage-tolerance at cryogenic temperatures, and the tensile strength and failure strains of CoCrNi at room temperature can reach ;1 GPa and ;70%, respectively. 8, 9 Otto et al. 10 studied the tensile properties and microstructures of FeCoCrMnNi at different temperatures ranging from 77 to 1073 K, and it was found that yield strength, ultimate tensile strength, and elongation to fracture all increased with decreasing temperature, which is attributed to the nanotwinning deformation mechanisms in low temperatures. In general, SP-CSAs based on 3d transition metals show high strength and ductility. Furthermore, HEAs and SP-CSAs can also possess high hardness, great fatigue resistance, good oxidation resistance, and age-softening resistance. [11] [12] [13] [14] [15] [16] [17] [18] [19] Based on experimental measurements of diffusion parameters, SP-CSAs are also believed to have sluggish diffusion kinetics than conventional alloys due to the high lattice distortion. 20 While extensive studies have been conducted on investigating SP-CSA's favorable mechanical properties, the study of irradiation effects in SP-CSAs is only in a nascent stage. On the other hand, results from preliminary research indicate that SP-CSAs have improved tolerance to irradiations, 21, 22 suggesting that SP-CSAs can be a promising material for nuclear power applications. In this paper, we present the current understanding of irradiation effects in SP-CSAs by reviewing previous experimental results, focusing on the accumulation of irradiation-induced structural damage at room temperature, elevated temperature void swelling resistance, phase stability, segregation behavior, and evolution of irradiation-induced defects with composition and temperature. Following that, the characteristic defect behavior in SP-CSAs derived from ab initio and molecular dynamics (MD) studies, and the prospect of research in this field will be briefly discussed.
II. IRRADIATION RESPONSES OF SP-CSAs
A. Irradiation-induced structural damage at room temperature Both the evolution of displacement cascades and defect migration can influence the irradiation-induced structural damage at room temperature. The irradiation-induced defects and defect clusters produced at room temperature are relatively simple as compared with high temperature irradiation; room temperature irradiations generally do not result in the formation of voids, precipitates, and other large and complex defect clusters at low dose. Therefore, the effect of alloy composition on the formation of defects and accumulation of irradiation-induced structural damage can be readily studied and compared at room temperature.
It is well established that solid solution alloying additions can suppress defect cluster accumulation and loss of tensile elongation compared to pure metals following neutron or energetic ion irradiation near room temperature. For example, addition of .5 at.% Al, Ga, Ge, or Ni solid solution solute to copper resulted in dramatic reduction of defect cluster formation with diameters .5 nm in copper irradiated with neutrons near room temperature, whereas the alloying effect on formation of smaller "black spot" defects was minor. 23, 24 In general, the fine-scale "black spot" defect clusters in bulk irradiated FCC metals have been analyzed to vacancytype whereas most defect clusters larger than ;5 nm are interstitial-type. 25 The fundamental mechanism for the formation of the fine-scale "black spot" defect clusters (typical sizes ,5 nm) during energetic particle irradiation has been reported to be associated with athermal collapse of the vacancy-rich core of displacement cascades in both pure metals and solid solution alloys, although the detailed geometric configuration of these defect clusters depends on the solute and parameters such as stacking fault energy. [24] [25] [26] [27] Similarly, the visible defect cluster density and radiation-induced reduction in tensile ductility was significantly lower in Type 316 stainless steel (Fe-17Cr-13Ni-2Mo-2Mn) compared to pure Ni following neutron irradiation to 0.01-1 dpa near room temperature. 28 Recent studies have utilized multiple characterization techniques to compare the accumulation of irradiationinduced structural damage at room temperature in three face-centered cubic SP-CSAs and Ni following irradiation with 3 MeV Au and 1.5 MeV Ni at various fluences. 21 Rutherford backscattering spectra and channeling (RBS-C) results show that the accumulation of structural damage is suppressed with increasing compositional complexity (the number of principal elements). Ni exhibits the highest structural disorder (backscattering yield) as compared with NiCo and NiFe under irradiation of 3 MeV Au [as shown in Fig. 1(a) ]; while quaternary alloy NiCoFeCr exhibits the lowest structural disorder as compared with Ni and NiFe under irradiation of 1.5 MeV Ni [as shown in Fig. 1(b) ]. TEM characterizations found that Ni has a higher average defect size than NiFe and NiCo, which was attributed to the suppression of interstitial motion and/or enhanced interstitial cluster nucleation due to the solute additions. 29 Granberg et al. further investigated the mechanism of irradiation damage suppression in SP-CSAs by combining experimental and modeling efforts. 30 MD simulation results reveal that the sequence of average defect sizes is Ni . NiFe . NiCoCr while the sequence of defect density is NiCoCr . NiFe .Ni [as shown in Figs. 2(a) and 2(b)]. The simulation results are qualitatively consistent with the TEM observations of ion irradiated-Ni, NiFe, and NiCoCr. By separately analyzing the mobility of edge dislocations in these materials, it is found that lattice distortion, which is a main characteristic of HEAs, can restrain the dislocation movement in the SP-CSAs. Therefore, the dislocations in the NiFe and NiCoCr are less likely to grow, resulting in the smaller damage structures and higher defect densities.
Furthermore, the irradiation responses of nonequiatomic SP-CSAs were also studied to understand the effects of chemical complexity, including the number, type, and concentration of alloying elements, on defect dynamics and irradiation tolerance. Jin et al. compared the irradiation-induced structural damage in single crystalline Ni x Fe 1Àx (0 , x , 60 at.%) alloys over a wide range of fluences from 3 Â 10 13 to 3 Â 10 16 cm À2 at room temperature. 31 Based on the RBS-C measurements, it was found that the accumulation of irradiation-induced structural damage is restrained with increasing Fe concentration at low fluence regime [as shown in Fig. 1(c) ]. MD simulations also obtained similar results that the addition of Fe can efficiently decrease the number of surviving interstitials in Ni x Fe 1Àx alloys [as shown in Fig. 2(c) ]. With increasing fluence, however, the irradiation-induced structural damage measured by RBS-C reaches a saturation. The saturation structural damage is essentially increased with increasing Fe concentration [as shown in Fig. 1(d) ], which means that binary Ni x Fe can reach a higher structural damage level than Ni at high fluences and the saturation structural damage of concentrated alloys is higher than that of dilute solid solutions. It should be noted that atom probe tomography (APT) was also used to characterize the compositional homogeneity of Ni x Fe alloys before and after ion irradiation. No irradiation-induced compositional segregation and precipitation was observed and the Ni x Fe alloys still remain a homogeneous distribution of elements, even at high fluences. This is consistent with other experimental results that the SP-CSAs can retain the compositional homogeneity under room temperature irradiation.
Lu et al. 32 studied the irradiation-induced structural damage and defects in single crystalline Ni, NiCo, and FeNi at room temperature. They reported the depth range of irradiation-induced structural damage far exceed the depth range predicted by the SRIM, and the irradiationinduced defect clusters in Ni show a larger depth range than NiCo and NiFe, which suggests that mobilities of defects in the SP-CSAs are significantly lower than that of Ni.
Several basic conclusions regarding the irradiation response of SP-CSAs at room temperature can be drawn based on the above experimental results. First, SP-CSAs retain compositional homogeneity during room temperature irradiation; no sign of phase separation/decomposition or ordering is observed. Second, SP-CSAs exhibit a better irradiation tolerance than Ni at low fluences; the accumulation of irradiation-induced structural damage is slower in SP-CSAs. However, the SP-CSAs show a higher saturation structural damage than Ni at high fluences. Third, both MD and TEM results suggest that SP-CSAs have a smaller defect size and larger defect density than Ni. This is attributed to the lower dislocation mobility induced by the lattice distortion of SP-CSAs. Therefore, the lattice distortion is probably the most essential characteristic which can affect the irradiation responses of SP-CSAs and defect behavior at room temperature. However, the correlation between lattice distortion and irradiation responses of SPCSAs is still unclear.
B. Irradiation responses of SP-CSAs at high temperatures
Generally, the structural materials used in nuclear reactors are exposed to energetic particle irradiation at elevated temperatures and core structural materials to be used in proposed future advanced nuclear reactors will be exposed to higher irradiation doses and temperatures than that in current nuclear reactors.
1,2 Therefore, the irradiation responses of SP-CSAs at high temperatures are crucial for their applications as nuclear materials. At high temperatures, the phase stability, physicochemical/ thermodynamic properties, and defect dynamics will influence the irradiation responses of SP-CSAs, thereby making the irradiation effects complicated.
Phase stability
Although it was originally suggested that the compositional homogeneity of HEAs is stabilized by the high configurational entropy, the effects of mixing enthalpy, which provides the thermodynamic driving force of phase separation, cannot be neglected. 33 Elements with very negative mixing enthalpy can precipitate in some extreme environments. He et al. studied the phase stability and defect cluster formation in CoCrFeNi-based SP-CSAs due to 1250 keV electron irradiation at 400°C up to 1 dpa. 34 It was found that CoCrFeNi exhibits no detectable phase separation/decomposition. By contrast, FeCoCrMnNi and FeCoCrNiPd show L1 0 (NiMn)-type ordering decomposition and h001i-oriented spinodal decomposition between Co/Ni and Pd, respectively (as shown in Fig. S1 ). The electron irradiation-induced precipitation in both alloys is governed by the enthalpy of mixing. However, it should be noted that no phase separation/decomposition was observed in the FeCoCrMnNi irradiated with 3 MeV Ni at 500°C to 55 dpa. 35 This suggests that the phase stability of SP-CSAs under high temperature irradiation is determined not only by intrinsic thermodynamic properties but also by the irradiation conditions such as primary knockon atom energy (potential ballistic dissolution effects) and dose rate.
A recent study on phase stability in irradiated Fe-Ni alloys concluded that the heat of mixing and the dispersion in defect migration energies were two important factors, with irradiation resistance improving with increased mixing energy and increased breadth of defect migration energies. 36 
Void swelling
At typical temperatures between 0.3 and 0.6T M (T M 5 absolute melting temperature), the agglomeration of irradiation-induced vacancies and the growth of voids can cause pronounced volume swelling, especially for pure metals and important alloys such as austenitic stainless steels, which degrades material performance and reduces its useful lifetime. Therefore, resistance to void swelling under high temperature irradiation is an important requirement for advanced nuclear reactor structural materials.
To investigate the mechanisms influencing the void swelling resistance of SP-CSAs, pure nickel and several SP-CSAs with different compositional complexities and compositions, including NiCo, NiFe, NiCoFe, NiCoFeCr, and NiCoFeCrMn, were irradiated with 1.5 MeV Ni (3 Â 10 15 cm
À2
) and/or 3 MeV Ni (5 Â 10 16 cm À2 ) at 500°C. 22 For the irradiation of 3 MeV Ni, TEM characterizations [as shown in Fig. 3(c) ] reveal that the void swelling of SP-CSAs is significantly lower than Ni. In the irradiation of 1.5 MeV Ni at 500°C (3 Â 10 15 cm À2 ), the void swelling of Ni is ;1.8% while the quinary NiCoFeCrMn exhibits substantially lower void swelling ;0.02%. Based on the TEM observations, the void swelling resistance of these six materials can be ranked in the order as Ni , NiCo , NiFe # NiCoFeCr , NiCoFe # NiCoFeCrMn. MD simulations suggest that the different resistance to void swelling might be attributed to the different migration behavior of defect clusters. Interstitial clusters migrate randomly in 3D in NiFe but exhibit 1D migration in Ni (as shown in Fig. 4) . As a consequence, interstitial clusters in Ni can migrate a long distance without encountering and annihilating vacancies. Therefore, interstitial defects in Ni can migrate from the high dpa region to the surface and to deeper regions, resulting in a high concentration of vacancies and the formation of voids in the high dpa region. By contrast, single interstitials and interstitial clusters migrate randomly in 3D in NiFe, producing relatively high amounts of annihilation with neighboring monovacancies and vacancy clusters. Therefore, the concentration of voids is much smaller in NiFe. The different defect cluster migration behavior was also observed in the in situ ion irradiation. 22 The irradiation-induced void swelling in Ni and Ni-containing equiatomic alloys was also directly measured by using an optical profilometer. 37 Ni and six Ni-containing equiatomic alloys with face-centered cubic structure, including NiCo, NiFe, NiCoCr, NiCoFe, NiCoFeCr, and NiCoFeCrMn, were irradiated with 3 MeV Ni ions to 5 Â 10 16 cm À2 (peak dose ;53 dpa) at 500°C. The samples are masked by TEM grids during ion irradiation so that irradiation-induced volume swelling could be determined by comparison. Optical profilometer measurements reveal that the six Ni-based SP-CSAs exhibit significantly lower void swelling than Ni [as shown in Fig. 3(a) ]. The measured void swelling of Ni is ;6.7%, while the NiCoFeCrMn and NiCoFe show the lowest void swelling, which is ,0.2% [as shown in Fig. 3(b) ]. By comparison of the void swelling in various SP-CSAs, it is found that Fe is more effective in restraining the void swelling than the addition of Co.
From the above results, it can be found that SP-CSAs exhibit better resistance to void swelling than Ni under high temperature irradiation. Based on the defect distribution and MD simulation, it can be concluded that the defect migration, including the migration pathway and mobility, can be tailored in SP-CSAs. However, TEM characterizations and direct measurements show that the void swelling is not simply related with the amount of constituent elements. 38 For example, NiFe shows lower void swelling than NiCoCr and NiCo, and the ternary NiCoFe exhibits similar void swelling with quinary NiCoFeCrMn. 37 This suggests that the intrinsic properties of alloying elements should also be considered in searching for new SP-CSAs with higher irradiation tolerance. 37, 39, 40 3. Irradiation-induced defects and segregation/ precipitation Similar to the damage accumulation at room temperature, SP-CSAs also exhibit characteristic defects and defect evolutions under high temperature irradiations. The investigations on the high temperature irradiationinduced defects and their evolutions with composition, temperature, and fluence are crucial for understanding the defect behavior and estimating the material performances in real reactor environments.
Kumar et al. studied the irradiation-induced structural damage in a Co-free SP-CSA FeNiMnCr [27% Fe-28% Ni-27% Mn-18% Cr (wt%)] at temperatures ranging from room temperature to 700°C. 41 Grazing incidence
X-ray diffraction revealed that single fcc phase was stable; no phase transformation or decomposition occurred in the ion irradiated samples subjected to doses up to 10 dpa and temperatures between room temperature and 700°C. TEM characterization showed that the sizes of dislocation loops range from 1 to 10 nm in the samples irradiated at 400-700°C. As irradiation temperature increased, only a modest increase in average dislocation loop size is found. Compared with other conventional alloys, such as Fe-Cr-Ni alloys or conventional 316 stainless steel, the variations of dislocation size and density with irradiation temperature are less pronounced for SP-CSA FeNiMnCr (as shown in Fig. 5 ), which are attributed to relatively sluggish solute diffusion. EDX measurements revealed that the grain boundaries were enriched with Ni, while Fe, Cr, and Mn were depleted at the grain boundaries (as shown in Supplementary  Material Fig. S2 ). The concentration variations between matrix and grain boundary can be ranked in the order Ni . Fe . Cr . Mn. The solute segregations at grain boundaries are significantly smaller than that of conventional Fe-20Cr-24Ni alloys.
Yang et al. compared the structural damage and chemical segregation in Al 0.1 CoCrFeNi HEAs irradiated at different temperatures ranging from 250°C to 650°C. 42 Based on the TEM and APT characterizations, it is found that the Al 0.1 CoCrFeNi HEA exhibits great structural stability against high temperature irradiations; no significant phase decomposition or transformation occurs. Irradiation-induced defects include dislocation loops, network dislocations, and stacking fault tetrahedras (SFTs); defect density decreased but defect size increased with increasing irradiation temperature (as shown in Fig. 6 ). Furthermore, APT characterization quantitatively measured the ion irradiation inducedenrichment of Ni and Co as well as the depletion of Fe and Cr at defect clusters, mainly including dislocation loops and dislocations, and its evolution with irradiation temperature (as shown in Fig. 6 ). The concentrations of Co, Cr, Fe, and Ni vary by 30-50% between the matrix and dislocation loops and the concentration fluctuation at 250°C is smaller than that of other three temperatures. Co and Fe show slightly more segregation than the Ni and Cr, respectively.
The irradiation-induced structural damage and segregations at 500°C were recently compared in NiFe, NiCoFe, NiCoFeCr, and NiCoFeCrMn. 35 The four SP-CSAs were irradiated with 3 MeV Ni at 500°C to 5 Â 10 16 cm
. TEM characterizations revealed that irradiation-induced dislocation loops include perfect loops with b 5 h110i/2 and Frank loops with b 5 h111i/3 (as shown in Fig. 7) , which is similar with the high energy electron irradiation. 34, 43 The binary NiFe exhibits the largest loop size and lowest loop density, while NiCoFeCrMn presents the smallest loop size and lowest loop density. However, the ternary NiCoFe and quaternary NiCoFeCr exhibit comparable loop density and loop size. Only the fraction of Frank loops clearly increases with increasing composition complexity. Irradiation-induced segregation at Frank loops was measured using electron energy loss spectroscopy. It was found that Frank dislocation loops are enriched with Ni and Co, and depleted with Cr and Fe in NiFe, NiCoFe, and NiCoFeCr. No obvious segregation is detected in asirradiated quinary NiCoFeCrMn, indicating that the irradiation-induced segregation is significantly lower in NiCoFeCrMn than in other three SP-CSAs. Furthermore, NiCoFeCr exhibits a slightly lower segregation than NiFe and NiCoFe. The evolutions of irradiation-induced defects and segregations in the four SP-CSAs clearly indicate that alloy composition plays a significant role in the irradiation responses of SP-CSAs. The authors propose that the high lattice distortion in complex alloys can decrease the mobility of interstitial defects, therefore, restraining the evolutions of dislocation loops and irradiation-induced segregation.
The experiment results summarized above show the effects of composition complexity on the behavior of interstitial defects are similar with that of vacancy-type defects, the migration behavior of both types of defects can be tailored, restraining or delaying the defect evolutions, including defect incubation and growth. Furthermore, irradiation-induced segregation at grain boundaries and defect clusters is also decreased in complex SP-CSAs, suggesting the probable good resistance to irradiation-assisted stress corrosion cracking.
III. MODELING STUDIES OF DEFECT BEHAVIOR IN SP-CSAs
The process of irradiation damage covers a wide range of time and length scales. Irradiation damage is initiated by collisions of energetic neutrons with lattice atoms, resulting in displacement cascades and supersaturation of vacancies and self-interstitials in a much localized region. The characteristic length of displacement cascade is ;10 nm, and the cascade event only lasts for 1-100 picoseconds. On the other hand, the microstructure and mechanical properties of the irradiated material are not only dependent upon displacement cascade but also on the long-range and long-term diffusion and reaction of irradiation-produced defects. 4 Thus, a hierarchical multiscale modeling approach [44] [45] [46] has been developed to simulate irradiation effects over all related length and time scale, as shown in Supplementary Material Fig. S3 . At the very fundamental level, ab initio electronic structure modeling is used to obtain basic defect FIG. 5 . Comparison of the evolution of irradiation-induced dislocation loops with temperature between FeNiMnCr HEA and other conventional alloys, including ternary Fe-Cr-Ni austenitic alloys, 316 stainless steels, and so on. 41 The data sources of as-irradiated conventional alloys can be found in Ref. properties, such as point defect formation and migration energies. While MD simulation can track the evolution of displacement cascade and also provide insights on defect kinetics and interaction mechanisms. The long-range and long-term effects, on the other hand, can be modeled by the kinetic Monte Carlo (KMC) method 47, 48 by utilizing the displacement cascade database from MD and defect properties from ab initio modeling.
In Sec. III.A and III.B, theoretical calculations and simulation work on SP-CSAs will be reviewed. Since the research of irradiation effects in SP-CSAs is in a nascent stage, most of the current studies are focused on ab initio calculation of defect energetics and MD modeling of primary irradiation damage stage, such as displacement cascade evolution and short-range transport of defects.
A. Ab initio study of defect energetics
Due to the complex nature of many-body interactions, only several semi-empirical potentials have been developed for two-or three-component systems and basically none for four or more component systems. Thus, ab initio defect energetics will not only facilitate the understanding of defect physics in SP-CSAs but also provide a robust database to develop and validate semiempirical potentials for MD modeling of concentrated, multicomponent systems. Reliable implementation of ab initio and MD modeling will then establish the foundation for upper-hierarchy KMC modeling and eventually reveal the evolution of microstructures over long times and large length scales. It should be noted that some common concepts in modeling pure metals and dilute alloys cannot be applied for SP-CSAs. Generally, point defects just have one or several formations and migration energies in pure metals and dilute alloys. However, the energetics of point defects can no longer be evaluated as some discrete values but instead require treatment as statistical distributions in SP-CSAs due to the vast possibilities of local chemical surroundings near defects induced by compositional complexity. Therefore, the defect energetics, such as defect formation energies and migration barriers, exhibit statistical distributions in SPCSAs. To understand defect behavior in SP-CSAs, it is important to characterize these distributions. Point defect formation energies determine the equilibrium concentrations of vacancies and interstitials at a given temperature. Based on density functional theory (DFT) and empirical potentials, the distributions of defect energetics in several Ni-based SP-CSAs have been studied and their specific features are revealed. 49, 50 In general, it is found that in Ni-based binary SP-CSAs, the formation energies of interstitial dumbbells are lower than those in pure Ni (;4.27 eV), whereas the formation energies of vacancies are higher (;1.47 eV for Ni), as shown in Figs. 8(a) and 8(b) . In addition, preferable binding is observed as some interstitial dumbbells exhibit lower formation energies than others. For example, Ni-contained dumbbells show lower formation energies than Fe-contained in NiFe. Compared with these binary systems, the statistical spread of vacancy and interstitial formation energies in NiCoCr and NiCoCrFe are generally larger. [50] [51] [52] However, studies based on smaller supercells (20-30 atoms) 51, 52 produce wider spread statistical spread of formation energies than that based on large supercells (more than 100 atoms). 50 In addition to supercell size effects, different chemical potentials used in these studies can also contribute to the discrepancies in the statistical spread. Chen et al., 51 Middleburgh et al., 52 and Zhao et al. 50 studied the vacancy formation energy in the NiCoCrFe SP-CSA system. Chen et al. 51 and Middleburgh et al. 52 used 20-30 atom supercells and used pure metal as the reference chemical potential, while Zhao et al. 50 used a 256-atom supercell and directly compute chemical potentials in NiCoCrFe environment, which takes longer computational time but is a more reasonable representation for the SP-CSA by greatly reducing the periodic image effect and accounting for the effect of chemical disorder on chemical potential. Vacancy formation energy ranges from 0.7 to 3.1 eV and À0.75 to 2.75 eV in the calculation results of Chen et al. 51 and Middleburgh et al., 52 respectively. By contrast, Zhao et al. 50 calculation results show a much smaller distribution of the formation energy of vacancy, which is 1.55-2.25 eV. Since the formation energies of point defect and defect cluster are important for the development and testing of semi-empirical potentials for studying irradiation effects (displacement cascade evolution, defect cluster interactions) by MD simulation in SP-CSAs, it is critical to carefully evaluate the trade-off between computation cost and computational setup (i.e., supercell size and chemical potentials).
The distributions of defect migration energies in several Ni-based SP-CSAs have also been studied and their specific features are revealed. 49, 50 As compared with Ni, larger barriers are found for interstitials in both NiCoCr and NiCoFeNi, whereas lower barriers are observed for vacancies. 50 These results suggest that in SP-CSAs, the interstitial diffusion becomes slower whereas vacancy diffusion becomes faster, which may enhance the interaction between interstitials and vacancies and contribute to enhanced defect recombination. In particular, an increasing overlap region between the distributions of migration energies for interstitials and . 49, 50 The increasing overlap region suggests that defect recombination and annihilation may be greatly facilitated in these SP-CSAs. On the other hand, these ab intio studies of migration barriers show that both vacancies and interstitials have a huge variety of migration pathways to choose from depending on the chemical environment of defects. This finding was also recently illustrated through a larger vacancy migration energy statistics of NiFe SP-CSAs based on semi-empirical potentials. 36 The fluctuation in point defect migration barriers over the potential energy landscape of SP-CSAs shows that the defect transport in SP-CSAs is spatially heterogeneous and directionally anisotropic. Both of these two effects can have strong implications on the possible sluggish diffusion kinetics of SP-CSA.
B. MD simulation: displacement cascade evolution and defect dynamics MD simulations based on either DFT (ab initio MD, AIMD) or empirical potentials (CMD: classical MD) have been used to study the evolution and diffusion of defect and defect clusters in SP-CSAs. MD simulations on several Ni-based SP-CSAs have revealed that self-interstitials form dislocation loops on [111] planes with 1/3h111i Burgers vector and vacancies tend to form SFTs 29, 53, 54 ; both are in consistent with experimental observation of the alloys irradiated by 3 MeV Au ions at room temperature. Compared with pure Ni, NiFe, and NiCr alloys show slower loop formation kinetics, resulting in a smaller loop size. The surviving defects in Ni-Fe and Ni-Cr binaries are composition dependent. On the other hand, the simulations at high temperature show that Cr leads to faster SFT formation in Ni-Cr binary and ternary SP-CSAs with large Cr content.
A more detailed MD study was conducted by Zhang et al. 21 to compare displacement cascade evolution between Ni and NiFe. Similarly, MD results show that vacancies form SFTs and interstitials form small dislocation loops of 1/3h111i[111] type and 1/2h110i[110] type in NiFe. In addition, the number of surviving stable defects after displacement cascade is higher in Ni than in NiFe by a factor of 2, which is qualitatively consistent with results from experiment. Defect configuration and reduction in damage are also reported in similar MD study conducted by Béland et al. 55 In addition to the Ni-Fe system, reduction in damage is also found in the NiCo system compared with pure Ni. Béland et al. also showed that the difference in the production of large defects between Ni and NiFe is not related to the ballistic of collision cascade. Koch et al. 57 studied a chemically more complex SP-CSA, CuNiCoFe. In addition to the point defect and defect clusters produced by the displacement cascade, this study also investigates the change in the chemical disorder after irradiation and concludes that compared with de-mixing effects, irradiation drives the alloy toward random solid solution. Since an increase in chemical disordering is believed to prohibit the growth of defect clusters, the effect of irradiation mixing in SP-CSA can also contribute to the reduced damage accumulation observed in ion irradiation experiments.
MD studies can also provide insight on diffusion of defect and defect clusters in SP-CSAs. 22, [58] [59] [60] For point defect diffusion, both AIMD and CMD show that both interstitials and vacancies are diffusing more sluggish in NiFe than in pure Ni. Furthermore, there is chemically biased diffusion in SP-CSAs. Specifically, the diffusion of one component is faster than others in SP-CSAs. For example, in NiFe, it is shown that interstitial diffusion is dominated by the Ni sublattice whereas vacancy diffusion occurs mainly through the Fe sublattice. As a result, the tracer diffusion coefficient of Ni is higher than that of Fe in the case of interstitial diffusion, whereas Fe is higher in case of vacancy diffusion, as shown by the calculated partial diffusion coefficients in Figs. 9(a) and 9(b) . The reason for this observation can be traced back to their different defect energies. For interstitial diffusion, the interstitial atom prefers to jump to Ni sublattice because of the lower formation energies of Ni-contained dumbbells, as displayed in Fig. 9(c) . The diffusion of vacancy, on the other hand, depends on vacancy migration energies. As migration barriers of Fe vacancy are lower than those of Ni [as shown in Fig. 9(d) ], vacancy migrates through exchange among the Fe sublattice. Note that these results are obtained using the Bonny 2011 potential, 61 which has been proved to yield similar defect energies to ab initio calculations. 49 In fact, such preferable interstitial binding and vacancy migration are also found in ternary and quaternary SP-CSAs by ab initio calculations. 50 For defect cluster diffusions, CMD simulations show that large vacancy clusters tend to become slower in CSAs, which help to suppress the vacancy cluster growth in SP-CSAs. CMD results show that intestinal cluster diffusion proceeds through 3-dimensional motion, in contrast to 1-dimensional motion in pure Ni, which helps to decrease the void swelling in SP-CSAs, as discussed in Sec. II.B.2 and Fig. 4 . The motion of dislocation is also studied by CMD, which demonstrates that dislocation movement is slower in SP-CSAs. 62 This result, combined with the suppressed growth of vacancy clusters, is responsible for the delayed damage accumulation found in SP-CSAs. 
IV. PERSPECTIVES
Due to increasing interest in the irradiation tolerance of SP-CSAs, improved fundamental understanding of irradiation effects of SP-CSAs is being acquired, including the accumulation of structural damage, void swelling, phase stability, and solute segregation. However, several scientific challenges should be considered and solved for the further application of SP-CSAs in advanced nuclear reactors.
First, most of these studies are focused on several model SP-CSAs, such as NiCo, NiFe, NiCoFeCr, NiCoFe, and NiCoFeCrMn, which contain high concentrations of Ni and/or Co that exhibit high induced radioactivity under neutron irradiation. High neutron activation elements should be avoided in nuclear reactor materials to reduce radioactivity for maintenance or waste disposal. For example, fusion material scientists have developed reduced-activation ferritic-martensitic steel, in which the typical long-decay-producing alloy elements Mo, Nb, Ni, Cu, and N are minimized or replaced by other low activation elements, such as W, V, and Ta. 64 Therefore, it is important to design SP-CSAs with low neutron activation. However, it should be noted that the formation of SP-CSAs is limited to a small number of elements and the alloy compositions should satisfy several thermodynamic rules and requirements so that to date, only a limited number of SP-CSA compositions have been identified. 33 Second, most current experiment results are focused on the comparison of irradiation tolerances of SP-CSAs with different numbers of principal components to investigate the effects of compositional complexity on the irradiation resistance. However, it has been found that the properties of SP-CSAs, including mechanical properties and irradiation tolerance, are nonmonotonically dependent on compositional complexity. For example, the strength, ductility, and toughness of the ternary SP-CSA CrCoNi exceed the properties of all other SP-CSAs reported to date. 9 Furthermore, NiFe shows lower void swelling than NiCoCr and NiCo, and the tenary NiCoFe exhibits similar void swelling with quinary NiCoFeCrMn under an ion irradiation of 3 MeV Ni at 500°C. 37 These results demonstrate that compositional complexity is not the only factor which can influence the irradiation tolerance of SP-CSAs; additional factors such as lattice distortion, specific alloying elements, and corresponding concentrations also need to be considered to reveal fundamental mechanisms determining the defect behavior and irradiation tolerance of SP-CSAs. In addition, the accumulation of irradiation-induced structural damage near room temperature is suppressed in SP-CSAs at low fluence, but several SP-CSAs exhibit higher saturation damage than Ni at high fluence. 65 This indicates that the defect evolutions with fluence are different in various SP-CSAs, suggesting that complicated defect accumulation behavior may occur in various SP-CSAs.
Third, the concept of SP-CSAs originates from HEAs. HEAs contain at least four principal components, while SP-CSAs only require $2 principal components. Both HEAs and SP-CSAs are single phase and most of the alloys investigated to date are single fcc phase. In the investigations of HEAs, a great number of multicomponent concentrated alloys are explored, but most of them are multiphase. However, many of the multiphase concentrated alloys have various good mechanical properties, [66] [67] [68] [69] [70] [71] such as good high temperature mechanical properties due to the formation of numerous precipitates (precipitate-strengthened). Furthermore, the numerous precipitates introduce high density interfaces, which can act as sinks for the recombination of irradiation-induced defects, enhancing the irradiation resistance. Since the multiphase concentrated alloys are not limited by the single phase structure, the number of multiphase concentrated alloys is much more than SP-CSAs, which provides more choices in the composition, microstructure, and mechanical property. Based on these characteristics, the multiphase concentrated alloys have more remarkable potential for use as structural materials in the advanced nuclear reactors. However, the microstructures of multiphase concentrated alloys are more complicated than SP-CSAs, requiring additional careful and comprehensive characterization work.
Finally, nearly all of the irradiation studies performed to date on HEAs and SP-CSAs are limited to single ion beams. Additional research is needed to examine the effect of He (produced from neutron transmutations) on microstructural evolution of SP-CSAs during high dose irradiation, along with investigations of dose rate effects and more comprehensive studies performed over a broad range of temperatures.
As for theoretical modeling, more detailed ab initio and MD simulation of defect properties are needed to understand irradiation effects in SP-CSAs. Modeling work so far has shown that chemical disorder can alter both the thermodynamics and kinetics of defect and defect clusters, but most of the findings are restricted for binary systems, which have similar degree of chemical disorder as conventional concentrated Fe-Ni-Cr alloys. Other than several preliminary studies, 50-52 the effects of chemical disorder as well as unique effects of certain chemical species on defect energetics in ternary, quaternary, and five-component systems are still largely an unexplored regime. Besides, many current MD studies show qualitative agreement with experimental characterization results of ion irradiated SP-CSAs. To obtain models with better interpretive and even predictive ability of experimental phenomena, more effort is needed to refine the methods and physics behind the models to reach quantitative agreement. To accomplish that, advanced multibody semi-empirical potentials, based on larger ab initio defect energy database and state-of-art potential fitting strategy, need to be developed as the foundation to not only capture the right physics during displacement cascade evolution, defect migration, and defect interaction but also obtain better quantitative accuracy of defect cluster size and density distribution.
V. CONCLUSIONS
The present paper summarizes the recent progress in the irradiation responses and defect behavior of SP-CSAs and HEAs, including the (i) accumulation of irradiationinduced structural damage at room temperature; (ii) phase stability, void swelling resistance, segregation behavior, and defect evolution of SP-CSAs irradiated at high temperatures; (iii) defect behavior of SP-CSAs derived from ab initio and MD studies. Generally, SP-CSAs exhibit a better irradiation tolerance than pure Ni, including slower accumulation of irradiation-induced structural damage (in low fluence range) and lower void swelling. Furthermore, no significant phase decomposition or transformation occurs under irradiation, suggesting a good phase stability of SP-CSAs under irradiation. However, the irradiation responses of SP-CSAs show a nonmonotonic variation with compositional complexity (number of principal elements), which indicates both the compositional complexity and alloying elements contribute to the irradiation responses of SP-CSAs. This makes the irradiation responses of SP-CSAs can be tailored in a wide range by compositional complexity and alloying elements, which enhances the flexibility of SP-CSAs for using in advanced nuclear energy systems.
Although significant progress has been made in the irradiation responses and defect behavior of SP-CSAs, several scientific challenges still exist in the applications of SP-CSAs in the advanced nuclear system, such as high neutron activation in many of the alloys, and the chemical effects of alloying elements. However, the fascinating properties of SP-CSAs and their great potential to be used in advanced nuclear energy systems motivate more comprehensive research studies to obtain a deeper understanding of the defect behavior in SP-CSAs and design SP-CSAs with higher performances for nuclear applications.
